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SUMMARY

Theinvestigation(NACARM L52EZ’9a)of theeffectsof heattransfer
on boundsry-layertransitionon a parabolicbodyof revolution(NACA
RM-10withoutfins)hasbeenextendedto higherReynoldsnumbers,to
~eater amountsof heating,and to a moreextensivestudyof theeffects
of surfaceirregularitiesanddisturbancesgeneratedin theairstream.
Thetestsweremadeat a Machnumberof 1.61 andovera Reynoldsnumber

●
rangefrom2.5X 106to 35 X 106. Themaximumcoolingof themodelused
in thesetestscorrespondedto a wall-to-free-streamtemperatureratio

. of 1.J_2,a valuesomewhathigherthanthetheoreticalvaluerequiredfor
infiniteboundary-layerstabilityat thisWch number.

Theresultsindicatethatthetrendfoundpreviouslyof an increase
inboundary-layertransitionReynoldsnumberwithincreasein model
coolingcontinuedto higherReynoldsnumbers.Thehighesttransition
Reynoldsnumberobtainedwithcoolingwas 28.5 x 106. At thisReynolds
nuaiber,theclassicalTollmien-Schlichting-wavetypeof boundary-layer
instabilitywas apparentlyovershadowedby surfaceroughnesseffects.
Theresultsindicatedthat,whentransitionwas fixedby surfaceirregu-
laritiesor air-streamflowdisturbances,coolingwas not effectivein
obtaininglaminarflowbehindthe irregularityor disturbance.

II?TRODUCTION

\ In reference1 arepresentedtheresultsof a preliminaryinvesti-
gationof theeffectsof heattransferon boundary-layertransitionat
a Machnumberof 1.61. The testsweremadeon a slenderparabolicbody

.
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of revolution(NACARM-10withoutfins)whichhad a transitionReynolds—
numberof about11 x 106forjthecasewithoutheattransfer.Theresults
indicatedthatif thebound~y-layertrsmsitionReynoldsnumberfor zero
heattransferis high,as itlwasin thatiryestigation,thenthesensi-
tivityof transitionto heatingor coolingishigh;if the zero-heat-
transfertransitionReynolds/numberis low_as i~ the,caseof other ._
investigationsstudied,then’transition”is relativelyinsensitiveto
heat-transfereffects.Thepreliminaryinvestigationalsoshowedthat
itwas possible,by cooling,themodelan averageof about50°F, to
increasetheReynoldsnumberforwhichlaminarflowcouldbe maintained
overtheentirelengthof thebodyfrom11 x 106to 20 x 106,thelimit
of thetests. I —

.

The investigationhas sincebeenextendedto determinetheeffec-

tivenessof coolingat higherReynoldsnumbers(upto about35 X 106).
In addition,testsweremad~wfthgreateramountsof heating,anda
moreextensivestudywasmadeof theeffectsof surfaceirregularities
andair-streamdisturbance~on theabilityof heattransferto influence
boundary-layertransition.In addition,theexperimentaltechniques
wereexpandedto includeforcetests. Theresultsof thisextended
investigationarepresentedin thispaper.

SYMBOLS —
+

c% skin-friction-dragcoefficient,Skin-frictiondrag x
qA

A

M

~

L

x

R

‘tr

maximumcross-sectionalareaof body

free-streaml@chnumber ..

free-streamdynamicpressure

lengthof model

distancealongmodel

Reynoldsnumberbasedon bodylengthandfree-stream
conditions

transitionReynoldsnumber

Te modelequilibrium
d

temperaturewithoutheatingor cooling,‘F
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T-w modelsurfacetemperaturewith

TO stagnationtemperature,‘F

AT averagetemperaturedifference

AT average-temperature-clifferenceq

Tm free-streamtemperature,‘F

heatingor cooling,‘F

forentiremodel, TV - Te,‘F

ratiofor entiremodel

~’/Tm’ averagewall-to-free-streamtemperatureratioforentiremodel

A primemarkovera temperaturesymbol(for
absolutetemperature.

example,TO’)indicates

APPARATUSAND‘TESTS

WindTunnel

The investigationwas conductedin theLangley4-by 4-footsuper-.
sonicpressuretunnelwhichis a rectan~laryclosed-ttioatjsingle,-
returnwindtunnelwithprovisionforthe controlof thepressure,tem-

. perature,andhumidityof theenclosedair. Changesin test-sectiop
Machntier areobtainedby deflectingthe topandbottomwall-sof the
supersonicnozzleagainstfixedinterchangeabletemplateswhichhave
beendesi~ed to produceuniformflowin the testsection.Thetunnel
operationrangeis fromabout~ to 2~ atmospheresstagnationpressure

84
overa nominalN@chnuniberrangefrom1.2to 2.2. For qualitative
visual-flowobservation,a schlierenopticalsystemisprovided.

For thetestsreportedherein,thenozzlewallsweresetfora
Mch nuniberof 1.61. At thisMachnumber,thetestsectionhas a width
of 4.5feetanda heightof 4.4feet. Calibrationsof theflowin the
testsectionindicatethattheMachnunibervariationaboutthemean
valueof 1.61is abouttO.01in theregionoccupiedby themodeland
thatthereareno significantirregularitiesin streamflowdirection.

~del andTechniques
v

A sketchof theNACARM-10modelwithout
dimensionsand constructiondetails7is sho-

fins,givingpertinent
in figure1 anda
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photographof themodelis presentedas figure2. Thebodyhas a
parabolic-arcprofilewitha baaicfinenessratioof L5. Thepointed
sternhasbeencutoffat 81.25percentof theoriginallength,however,
so thattheactualbodyhas a lengthof 50 inchesanda maximumdiameter
of 4.o96inches.

A detaileddescriptionof themodelandtestingtechniquesis given
in reference1. Bodycontourswereest+natedtohavean averagedevi-
ationof lessthan0.006inchanda msximumpossibledeviationof about
0.020inch. Surfaceroughness(measuredby meansof a Physicists
ResearchCo.Profilometer,ModelNo. 11)variedbetween4.5and 6 micro-
inchesroot-mean-squareovermostof themodelandincreasedto about
12 microinchesnearthebase. In thepresenttests,theonlychanges
in testingtechniquefromthatgivenin reference1 involvedthesub-
stitutionof an electricalheatingelementforthespraytubesandsteam
whenthemodelwas to be heated,theuseof an electricalstrain-gage
balanceto determinethebodytotaldrag, andtheuseof a setof pres-
suretubesto determinethebasepressure.In addition,theendof the
boundary-layertransitionregion(whereboundary-layervelocityprofiles
had completedtheirtransitionto theturbulenttype)was notdetermined
becauseitwas impossibleto do so fromtheforcetestsandbecauseit
was oftendifficultto determineaccuratelyfromtheboundary-layer
profilesobservedat thebaseof themodel.

Theheatingelementconsistedof a steelrodwound_withheav
resistancewireandwas capableof operationto lj600w@ts. Current
inputintotheheatingelem&t was controlledby means01 a Variac.

Fortheforcetestswiththeelectricalstrain-gagebalance,base
pressuresweredeterminedby meansof fourtotal-pressuretubesof
0.060-inchoutsidediameter(0.040-inchinsidediameter)mountedon the
surfaceof thestingin theplaneof themodelbaseat 90°intervals.
Themodelskin-frictiondragwas thenobtainedby subtractingthebase
draganda valueof forebodypressuredragfromthetotaldragdeter-
minedby thebalance.Valuesof forebodydragcoefficientassumedfor
themodelwere0.041whentheboundarylayerwas essentiallylaminar
and0.044whentheboundarylayerwas turbulent(ref.2).

In orderto eliminateanyresidualeffectsof heatingandcooling
whendeterminingboundary-layercharacteristicsunderequilibriumor
adiabaticconditions,allsuchtestsweremadeas independentrunswith-
outheatingor cooling,andampletimewas allowedforthemodelsurface
temperaturesto reachan equilibriumstate.

Boundary-layertransitionwasdeterminedfromtheforcetestsby
plottingakin-frictioncoefficientagainsttemperatureas illustrated
in figure3. Transitionwas assumedto occurat theintersectionof the
twobasicallydifferentsegmentsof thecurve. Thenearlyhorizontal

..
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* portionof thecurvecorrespondsto a completelylaminarboundarylayer
on thebody,whereasthesharplyslopedportionof the curveat the
highertemperaturescorres~ndsto thecasew“neretransitionhas occurred

. at thebaseof thebodyand ismovingforward.The transitionresults
thusobtainedcheckedverywellwithschlierenobservations.Duringthe
coolingtests,datawereanalyzedonlyon thewarm-upcycle;duringthe
heatingtests,datawereanalyzedon boththeheatingand cool-down
cycles.

Tests

Testsweremadewiththemodelin a smoothsurfaceconditionand
withcircumferentialstripsof cellophanetape,0.003inchthick,at
the3-percent,25-percent,and50-percentbody-lengthstations.Care
was usedto assurethatthetapeadheredsmoothlyto themodelsurface.
A seriesof testswasmadewitha wedgeof 18-inchspanmountedon the
tunnelfloor(seefig.4) so thattheshockoffthewedgeimpingedupon
themodelusuallysomewhereon theforwardha~” (x/L from0.25to 0.50).
Thiswedgewas cutdownprogressivelyin anglefromabout10°to about
2/3°and in somecasesin chordfrom8 inchesto 2 inches.A fewtests
werealsomadewitha setof smallwingor canardsurfacesattachedto
themodelat the20-percentstation(fig.4). Alltestsmadeof con-
figurationsotherthanthebasicsmoothmodelwerelimitedto tests
withcoolingonly. Thetestsweremadewiththemodelat zeroangleof
attack. Thetunnelsta~ationpressurewasvariedfromabout2 to.
30 poundsper squareinchabsolute, whichgavea Reynoldsnumberrange,
basedon themodellengthof 50 inches,of about2.5x 106to 35 x 106.

* Tunnelstagnationdewpointwas usuallykeptbelowabout-30°F except
at thehighesttestReynoldsnumberswhenthe tunnelairwas driedas
muchas possible(dewpointabout-k5°F).

RESULTSANDDISCUSSION

TestsWithSmooth~del

Comparisonwithpreviousinvestigations.-Theresultsof the
presentinvestigationof theeffectsof heatingand coolingon boundary-
layertransitionon thesmoothmodelarepresentedin figure5 as a plot
of Reynoldsnumberforboundary-layertransitionas a functionof
temperature-differenceratio AT/TO‘. Forcedataandboundary-layer-
pressuresurveyresultsaredifferentiatedby theuseof separatesymbols.
Includedin figure5 aretheresultsforthebeginningof boundsry-layer

w transitionobtainedinprevioustestsof theNACARM-10model(ref.1)
and sometypicalresultsobtainedforbodies,wings,andflatplatesin
otherinvestigations(seerefs.3 to 8) anddiscussedin reference1.

.
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A comparisonof theforceandboundary-layer-pressureresults K
indicatesexcellentagreementbetweenthetwomethodsof determining
boundary-layertransition.Theagreementbetweentheresultsof the
presentinvestigationandthoseof theprevioustestson thesamemodel .
reportedfnreference1 is alsoverygood. Theresultsindicatethat
as themodelisheatedto hightemperaturestherateof changeof ‘tr
with AT/To’ decreasesuntilat thehighesttemperaturesinvestigated
thetransitionReynoldsnumberandtherateof changeof Rtr with
AT/T.‘ areof thessmeorderof magnitudeas thosefoundinprevious
investigations(otherthanref.1). Thisresultis to be expected
sincetheboundarylayerbecomesmorestableas theReynoldsnumberis
decreasedandconsequentlyrequiresa greateramountof heatingfor
destabilization,andsincethecurveis asymptoticto the zeroReynolds
nunibersxis.

As themodelis cooledto lowertemperatures,theslopeof the
curveof Rtr plottedagainstAT/T.‘ increases, althoughtheincrease
is at a slowerratethanthedecreasein slopeencounteredwithincreased
modelheating.ThemaximumtransitionReynoldsnumberobtainedwas

.

28.5x 106witha temperature-differenceratioof -0.161.,or 92° F of
modelcooling.

Factorsaffectingmaximum‘tr obtainable.- Themaximum Rtr that
couldbe obtainedwas apparentlylimitedby twofactors.Thefirst,and d
probablythemoreimportahtfactorinsofaras thisinvestigationis con-
cerned,was thegreatsensitivityof transitionto surfaceroughnessthat
resultsat highReynoldsnuuiberssincetheboundarylayerbecomesvery &

thin. Forgreatervaluesof R than20x 106,successin obtaininglami-
narflowby coolingwas a randomaffairdependentuponhow smooththenose
of themodelwaspolished; changesin surfaceroughnessbetweendifferent
runs,so minuteas to defydetection,apparentlydeterminedwhetheror not
laminarflowwouldbe obtained.Inmanyol+erinstancesduringtesting
(butnot in therunsdescribedabove)laminarflowwouldbe obtainedfor
severalsecondsor morebutwoulddisappearbeforeanyreliabletemper-
ature,force,or pressuredatacouldbe obtained.Examinationof the __
modelImmediatelyaftertherunalwaysshoweda fewminutenicksin the
surfacedueto sandblasting.Thissandblastingcouldnotbe eliminated
at thehighertunnelstagnationpressuresevenwithcarefulcleaningof
thetunnel.Also,duringtestsat highReynoldsnumbersjcoolingof the
modelwas so slowthata coatof icewitha roughsnowlikesurfacewould
oftenformdespiteeffortsto keepthetunnelunusuallydry (dewpoint
of about-450). Thisiceprobablyaidedinpreventingtheattainmentof
lsminarflOw. On thebasisof theseresults,therefore,it appesrs
possibletkattheTollm.ien-Schlichting-wavetypeof boundary-layer
instabilitywhichis probablypredominantat thelowerReynoldsnumbers

.-

—
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is overshadowedby effectsof surfaceroughnessat higherReynoldsnum-
bers. ‘Ihesensitivityof laminarboundarystabilityto surfacerough-
nessat hi@ Reynoldsnumberswithcoolingis similarto thatexperi-
encedat lowspeedswithboundary-Layersuction(ref.9). Thisresult
maybe expectedbecauseinbothcasestheboundarylayerbecomesvery
thin.

ThesecondfactorwhichinfluencedthemaximumtransitionReynolds
numbersthatcouldbe obtainedin thisinvestigationwas thelowest
temperaturethatcouldbe obtainednearthenoseof themodelwith
cooling.Thisproblemis shownin thetemperature-distributionplot
of figure6. In somecasesthelowestobtainablenosetemperaturewas
notas lowas theaveragemodeltemperature.Sinceat highvaluesof
Reyaoldsnumberboundary-layertransitionoccursnearthenoseof the
model,a deficiencyin coolingin thisregioncaneasilyaccountfor
thelackof successin obtaininglsminarflow.

Becausetheaveragetemperatureof themodelaheadof thepointof
boundary-layertransitionis of considerablygreaterimportancein the
studyof boundary-layerstabilitythantheaveragetemperatureforthe
wholemodelas is usedin figure5, it is apparentthattheexperimental
curveis somewhatin errorand thereforeonlyqualitative,but it is
consistentwiththepropertrends.On thebasisof theaveragemodel
temperatureaheadof thetransitionpoint,theslopeof theexperimental
curvewillbe considerablyincreased.Theproperaveragetemperature
thatshouldbe usedcouldnotbe estimatedfromthesetests.

Comparisonwiththeory.-A comparisonof theexperimentalresults
obtainedin thisinvestigationwiththetheoreticalcomputationsfora
flatplateas calculatedby VanDriest(ref.10)ispresentedin fig-
ure7. The comparisonshowsthattheexperimentalcurveof boundary-
layertransitionfollowsthetrendsof thetheoreticalcurvefor initial
appearanceof boundary-layerinstabilityfairlywellexceptfora dis-
placementtowardhigherReynoldsnumbers.If theexperimentalresults
arecorrectedto equivalentflat-plateReynoldsnumbersby divisionof
theReynoldsnumberby a factorsomewhatlessthan3 (accordingto
ref.10 thefactor3 appliesto cones),theagreementis better. The
resultsthusmaybe takento evidencetheexistenceof theclassical
Tollmien-Schlichting-wavetypeof boundsry-layerinstabilityin these
testsforReynoldsnumbersup to thepointwheresurfaceroughness
effectsbecomepredominant.It my be concluded,also,thatLees’
theoryof boundary-layerstabilityin compressibleflows(ref.I_J_)as
appliedby VanDriest(ref.10)canpredictfairlywellthegeneral
trends,at least,of theeffectof heattransferon transition.

Inspectionof figure7 showsthatthecurvesof boundary-layer
transition(experimentalcurve)andboundary-layerinstability(theo-
reticalcurve)apparentlybecomeasymptoticto somecriticalvalueor
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valuesofwall-to-free-streamtemperatureratio. Theore_lically,the
boundarylayerwillthenbe stableforallReynoldsnunibers(toinfinity)
fortemperatureratioslessthanthiscriticalvalue. Sincethemost
powerfuleffectof coolingon boundary-layerstabilityor transition
occursin thesmalltemperature-ratiorangewherethecurvesapproach
thisasymptoticcondition,it is possiblethatin thisrangedamping
wouldoccurfordisturbancesof appreciablemagnitude.Thus,if suf-
ficientcoolingwereappliedto coolthenmdelbelowthe.criti.cal
temperaturefor completestability,thentheboundarylayermightcon-
ceivablylosemuchof itssensitivityto surfaceroughnessandtrav-
erserelativelyroughsurfaceswithoutundergoingtransition.Thesmall.
amunt of additionalcoolingrequiredin thepresentcaseto testthis
possibilitycanbe seenfromfigure8, whichshowstheaverageheating
andcoolingrangescoveredin thisinvestigationandthetheoretical
wall-to-free-streamratiorequiredto stabilizecompletelytheboundary
layer. A marginto allowforinaccuracyin thetheoryis desirable.

A

TestsWithSurfaceRoughnessandTunnelFlowDisturbances

Transitionstrips.-Theresultsof theforcetestsmadewith
cellophane-tapetransitionstripsat the3-, 25-, andso-percent~@-
lengthstationsarepresentedin figure9. Thedashedlinesindicate
coolingat constantReynoldsnumberandthearrowsindicatethedirec-
tionof changein skin-frictiondragwithdecreasingtemperature.Too
muchemphasisshouldnotbe -placeduponthequantitativevaluesof skin- *
frictioncoefficientwithcooling,as it isbelievedthatthequanti-
tativeaccuracy of thebalancedeterioratessomewhatat lowvaluesof
temperature.Thedirectionof thetrends,however,iS notaffected. %

An analysisof theresultsfor theadiabaticor equilibriumcondi-
tions(zeroheattransfer)showsthatthecellophanetapeat the3- and
25-percentbody-lengthstationscausedearlier-than-normaltransition,
whereasthestripat the50-percentstationhad littleor no effect.
Attemptsto obtaincompletelylaminarflowby coolingforthecaseswith
cellophanetapeat thetwoforwardlocationswe~eunsuccessful,evenat
Reymolds’numbersonlyslightlyabovethoseat whichtransitionfirst
appeared.Forthecaseof cellophanetapeat the50-percentstation
an attemptwasmadeto obtaincompletelylaminarflowby coolingat
R =’ 5.5X 106.

F Itwasestimatedthatat thisReynoldsnumbertransi-
tionwas slightlyaheadof the50-percentbodystationfortheuncooled__
or ddiabatlccondition.Theattemptwaspartiallysuccessfulin that
laminarflowwas apparentlyestablishedup to thestripo_fcellophane
tape!althoughnotbeyond. Theseresultswithsurfaceroughnessare

t
app entlyanalogousto thoseobtainedforthesmoothbodyat high

——

Reymldsnumbersin thatboundary-layercoolingis noteffectivein *
delayingtransitionwhenboundary-hyerinstabilityis associatedpre-
dominantlywithsurfaceroughness. .
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. Canardsurfaces.-In practicalairplaneandmissileconfigurations
wingsor smallcanardsurfaceswillbe placedwellforwardon thebody.
In orderto investigatetheeffectsof suchsurfaceson transitionwith.
cooling,tests-weremadewithsmallcanardsurfacesplacedwiththe
leadingedgeat the16-percentbcdy-lengthstation(fig.4) at zero
angleof incidence.Theresultsindicatedthatthesurfacesstrongly
fixedtransitionat thislocationforReynoldsnumbersas lowas
2.5x 106andthatcoolingwillbe of littleavailin obtaininglaminar
flowbehindthe surfaces.

Tunneldisturbsmces.-Pastexperiencehas indicatedthatlaminar
boundarylayersbecomeincreasinglysusceptibleto separation,usually
followedby transition,as theReynoldsnumberis increased.(For
example,seeref.12.) In fact,the indicationsarethatat Reynolds
nuuibersof theorderof 20 x 106to 30 x 106laminarseparationwill
occuras a resultof a static-pressureriserelativeto streamdynamic
pressureof about0.5percent.Thispressurerisecanbe generatedby
a shockhavinga turningangleof lessthan1/5°. T!hUs, at thesehigh
testReynoldsrmmibersthelaminarboundarylayerwillseparateforpres-
surerisescloselyapproachingthemagnitudeof thepressuredisturb-
ancesthatmay existin supersonicwindtunnels.In orderto checkthe
validityof thisprediction, a seriesof tkstswasmadewitha wooden
wedgeof 18-inchspanmountedon the tunnelfloorso thatthe shock
fromtheleadingedgeof thewedgewouldimpingesomewhereon thefor-

. wardhalfof themodel(fig.4).

Thedetailedresultsarenotpresentedbut theyindicatethateven
. thesmallestwedgethatcouldbe tested(about2/3°witha chordof

2 inches)precipitatedearlier-than-normaltransitionunderadiabatic
or zero-heat-transferconditions.Also,coolingthemodelwas inef-
fectualin obtaininglaminarflowbehindthepointwheretheshockoff
thewedgeimpingeduponthemodel. ‘Testswitha doublethicknessof
cellophanetapereplacingthewedgeon thetunnelfloorshowedthatthe
disturbanceproducedwas so smallas to haveno effectunderboththe
no-heat-transferand thecoolingconditionsas comparedwiththe smooth
modelwithoutthe speciallyinduceddisturbances.Apparently,the
effectsof finitedisturbancesthatcouldoriginatein a testsectionof
a supersonictunnelareverysimilarto theeffectsof surfaceroughness
on theabilityof heattransferto influenceboundary-layertransition.
An analysis,on thebasisof referenceE?.,of theairflowin theregion
of thetestsectionoccupiedby themodelrevealedthatconsiderably
highervaluesof ‘tr thanthoseobtainedin thepresentinvestigation
shouldbe attainablebeforetheflowdisturbancespresentin the 4- by
4-footsupersonicpressuretunnelwouldhavean effect. A practical

.J illustrationof how smalltunneldisturbancesmay affecttransitioncan
be foundin reference13.

.
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SU’MWRYOF RESULTS L

An investigationof theeffectsof heating,cooling,surfaceirregu- -
larities,andair-streamdisturbanceson boundary-layertransitionon a
parabolicbodyof revolutionhasbeencarriedoutatReynoldsnumbers
rangingfrom2.5x 106to 35 x 106in theIangley4- by A-foot sWersWc__
pressuretunnel.

Thefollowingresultswereobtained:

1. Thetrendfoundpreviously(NACARM L52E29a)of an
boundary-layertransitionReynoldsnumberwithincreasein

increasein
modelcooling

—–

continuedto higherReynoldsnumbers.Thetrendof theresultsis in
agreementwiththeoreticalpredictions.

2. ThehighesttransitionReynoldsnumberobtainedin thisinvestig-
ation withcoolingwas 28.5x 106. At thisReynoldsnumbertheclassi-
calTollmien-Schlichting-wavetypeof boundary-layer-instabilitywas
apparentlyovershadowedby surfaceroughnesseffects.-

3. In thepresenceof’air-streamdisturbances(generatedby thin
wedgesmountedon the test-sectionfloor)andsurfaceirregularities
suchas circumferentialstripsof cellophanetapeand-smallcanardsm-
faces,itwas notpossibleto obtainlaminarflowdownstreamof the
irregularityor disturbanceby applicationQf the~ coolingavail-
ablein thepresenttests. It shouldbe noted,however,thatthelowest ‘
walltemperaturein thesetests,was somewhathigherthanthetheoretical
valuefor infinitestabilityat a free-stresmI&chnumberof 1.61. It‘iS
possible,therefore,thatsomefurtherreductioninwalltemperature

*

mightalterthisresult.

IangleyAeronauticalLaboratory,
NationalAdvisoryCommitteeforAeronautics,

LangleyField,Va.
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Figurel.-SketchofNACARM-10modelandapparalmaforheatingandcooling.
All d.3.rwnEIions are in inches.
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